Introduction
============

Delay in gastric emptying in the absence of mechanical obstruction is a common complication of gastroparesis.[@b1-jnm-26-147] Gastroparesis is a neuromuscular disorder of the upper gastrointestinal tract which is accompanied by nausea, vomiting, epigastric pain or discomfort, early satiety, abdominal bloating, postprandial fullness, and weight loss.[@b2-jnm-26-147] While the main etiology of gastroparesis is idiopathic,[@b3-jnm-26-147] diabetes, postoperative ileus, connective tissue diseases, and neurological disorders are the other causes of gastroparesis.[@b4-jnm-26-147] Main pathophysiological factors of gastroparesis include decreased or impaired gastric motility, reduced gastric accommodation and gastric hypersensitivity.[@b5-jnm-26-147],[@b6-jnm-26-147] Gastric motility includes gastric pace-making activity (gastric slow waves regulated by interstitial cells of Cajal) as well as antral contraction (peristalsis mediated through smooth muscle cells).[@b4-jnm-26-147]

While the individual and societal burden of gastroparesis are substantial, currently limited treatment options are available with no satisfactory outcomes. Gastric electrical stimulation (Enterra Therapy) has been approved for humanitarian use in treating nausea and vomiting in gastroparesis,[@b7-jnm-26-147] however reports of efficacy have varied among different centers and some have failed to show any promising effects on overall symptoms of gastroparesis or gastric emptying.[@b8-jnm-26-147]--[@b10-jnm-26-147] On the other hand, while a number of prokinetic medications (such as cisapride) were developed to restore normal gastrointestinal motility, they have been withdrawn from the market due to their unfavorable cardiovascular safety.[@b11-jnm-26-147] Noteworthy is that treating overall symptoms of gastroparesis is another dilemma. Some medications can improve gastric accommodation or abdominal pain but they can reduce gastric motility,[@b12-jnm-26-147] or some can increase gastric motility (prokinetics) but might reduce gastric accommodation.[@b13-jnm-26-147] Consequently, no effective therapies are available for gastroparesis at present.

The autonomic function plays a key role in the regulation of gastric motility.[@b6-jnm-26-147] Activation of the parasympathetic system or vagal nerve enhances gastric motility, whereas activation of sympathetic activity inhibits gastric motility.[@b14-jnm-26-147] Therefore, normal gastric motility is maintained by balancing vagal and sympathetic activities. The imbalance of autonomic activity (reduced vagal activity and/or increased sympathetic activity) has been reported in diabetic gastroparesis and functional dyspepsia.[@b15-jnm-26-147]

Previously, we showed that impairment in autonomic functions (increased sympathovagal balance) may play a role in hyperglycemia-induced dysrhythmias/hypomotility in diabetic rats.[@b16-jnm-26-147] On the other hand, in a preliminary rodent study, we showed that spinal cord stimulation (SCS) was able to decrease sympathetic activity and accelerate gastric emptying.[@b17-jnm-26-147] We assumed that since SCS has also been widely used in pain management,[@b18-jnm-26-147],[@b19-jnm-26-147] it could be a great potential for treating gastroparesis because it might improve both hypomotility and hypersensitivity. In this study, we hypothesize that SCS is a viable therapy for gastroparesis by improving gastric motility via the autonomic mechanisms. The aim of this study is to investigate the effects of SCS on gastrointestinal motility in healthy dogs. We used a commercially available SCS lead connected to an implantable pulse generator (IPG). Primarily, we tried to find the best location of stimulation of the spinal cord using our previous rodent parameters[@b17-jnm-26-147] to increase gastric motility, and then we tried to optimize other parameters such as signal frequency, pulse width and motor threshold (MT). In the meantime, we validated if our location and parameters of SCS could alter the autonomic functions and hormones. Finally, we investigated the effects of our optimized SCS in gastric emptying rate of glucagon-induced gastroparesis in healthy dogs.

Materials and Methods
=====================

Animals and Ethics Statement
----------------------------

We used 8 healthy female hound dogs (18--25 kg; Marshall BioResources, North Rose, NY, USA) in this study while they were housed in an animal room with regulated temperature (22°C), 60% humidity, and a 12-hour light/12-hour dark cycle. This study was carried out in accordance with the guidelines of Care and Use of the laboratory Animals. The protocol was approved by the committee on the ethics of animal experiments with the protocol number: DO16M316. All surgical procedures were conducted in an operating room under well-ventilated, sterile conditions, and all efforts were made to minimize animal suffering. Following implantation of spinal cord leads and cannulas, animals were housed individually to avoid chewing off the externalized cannulas and protecting jackets. All dogs were acclimatized to the laboratory location and trained by being brought to the lab for getting used to the experimental environment. All experiments were arranged by randomized sessions.

Animal Preparation and Surgical Procedures
------------------------------------------

Following overnight fasting, the dog was anesthetized with intravenous injection of thiopental sodium (11 mg/kg) and anesthesia was maintained with IsoFlo (1.5% isoflurane, inhalation). Thoracic vertebra number 9 (T9) was uncovered for laminectomy to expose the spinal cord. The furthest caudal rib (rib 13) connected to T13, helped us to locate T9 in this study. Two paddle electrode leads (CoverEdge 32; Boston Scientific Corporation, Boston, MA) were inserted from the laminoctomized T9 to cover the dorsal column of spinal cord rostrally from T7 to T9 and caudally from T10 to T12 ([Fig. 1A and 1B](#f1-jnm-26-147){ref-type="fig"}). As shown in [Figure 1B](#f1-jnm-26-147){ref-type="fig"}, these paddles could encompass spinal cord segments T8 to T12. These electrode paddles were connected to an IPG (Precision Spectra, Boston Scientific) which was placed in a subcutaneous pocket made underneath the skin at the back of the scapula. After insertion of the SCS paddles, an abdominal surgical procedure was performed to place the gastric and duodenal cannulas. In order to measure gastric motility via an intraluminal manometric catheter, a cannula with an inner diameter of 1 cm was placed in the middle of the anterior side of the stomach 15 cm above the pylorus.[@b20-jnm-26-147]--[@b22-jnm-26-147] In addition, another cannula was placed in the duodenum (10 cm below the pylorus for the assessment of gastric emptying.[@b23-jnm-26-147]--[@b26-jnm-26-147] Immediately after the surgery, antibiotics (cefpodoxime, 10 mg/kg) and pain medications (buprenorphine SR, 0.06 mg/kg) were given for a period of 7 days and 3 days, respectively. The animals were monitored twice daily for a period of at least 2 weeks and no experiments were performed before the dogs were completely recovered from the surgical procedures.

Spinal Cord Stimulation
-----------------------

SCS was delivered through the IPG, programmed via a wireless wand (Bionic Navigator 3D software with Illumina 3D Programming; Boston Scientific Corporation, Boston, USA). In order to optimize SCS for increasing gastric contractions, we used motility index (MI) or the summation of stomach antral contractions assessed by high-resolution manometry to determine the best location(s) and then the best parameters of SCS. Meanwhile, we validated our optimized location and parameters by assessing the autonomic functions through the spectral analysis of the heart rate variability (HRV) derived from the electrocardiogram (ECG).

In each study session, the dog was brought to the laboratory after an overnight fast. They were fed with one can of dog food (Pedigree chopped chicken, 421 kcal/can) and then immediately antral contractions and the ECG were simultaneously recorded for 20 minutes without SCS as a baseline and another 20 minutes with SCS or without SCS (considered as sham-SCS). Afterward, the SCS was terminated and the antral contractile recording was continuously made. If the recording returned to the baseline, the procedure was repeated: 20 minutes baseline and 20 minutes SCS at another location or another set of parameters. If the recording did not return to the baseline, no further tests were made. The maximal duration of each experimental session was less than 3 hours to ensure that gastric motility was of the postprandial pattern and the animal was not exhausted.

Experiment 1. Optimization of Spinal Cord Stimulation Methodologies
-------------------------------------------------------------------

### Optimization of spinal cord stimulation location(s)

This step was performed prior to the optimization of stimulation parameters for SCS. We used the following fixed parameters for stimulation to find the best location: frequency of 50 Hz, pulse width of 0.2 msec, intensity or amplitude of 90% of the MT or the tonic contractions of the abdominal muscles, and pulse train of 2 seconds on time, 3 seconds off time. These parameters were derived from our previous SCS findings in a rodent study to increase the gastric motility.[@b17-jnm-26-147] A number of study sessions (described above) were performed on separate days with SCS delivered via different locations randomly chosen from the highest level (T7) to the lowest level (T12) covered by the electrode paddles. Animal behavior was closely monitored, and the testing time was shortened if unusual behavior was noted. Two consecutive sessions for each dog were at least 2 days apart.

A total of 8 locations were tested ([Fig. 1](#f1-jnm-26-147){ref-type="fig"}): T7, T7--T8, T8--T9, T9, T10, T10--T11, T11--T12, and T12. For the coverage of 2 vertebrate positions, such as T8--T9 and T11--T12, SCS was performed via 4 pairs of electrodes located in these positions and the output current was equally distributed among the 4 channels. SCS at T7, T9, T10, and T12 was performed via one single pair of electrodes.

### Optimization of spinal cord stimulation parameters

In this step, we tried to find a range for the pulse frequency, pulse width and MT within which SCS could have an ameliorating effect on antral contractions. Base on the best location found in the previous step, we tested different sets of parameters including different pulse frequencies (5, 10, 20, 50, 100, and 500 Hz), pulse widths (0.05, 0.1, 0.2, 0.4, 0.5, and 0.6 msec), and pulse amplitudes (30% MT, 50% MT, 70% MT, and 90% MT) - (MT: lowest voltage output at which abdominal muscle contraction is visible) using the same procedure mentioned above. In each session, only one parameter was altered randomly. The pulse train was set at 2 seconds on time and 3 seconds off time.

### Measurement and analysis of antral contraction

Antral contractions were measured by a multi-channel manometric system via a special catheter with 10 staggered circumferential sensors spaced at 1-cm intervals and an outer diameter of 4.2 mm (Ningbo Maida Medical Device Inc, Ningbo, China). The catheter was inserted in the distal stomach (antrum) via the gastric cannula to measure the gastric contractions. In this study, antral contractile signals were recorded and analyzed by a multi-channel recorder (MedView360 V2.0; Ningbo Maida Medical Device Inc., Ningbo, China). Channel 5 was selected for the analysis of MI due to its highest quality of the recording; presumably, the sensor in Channel 5 had the best contact with the gastric wall. MI was defined as the total number of contractions times the summation of all contraction peaks and then divided by the analyzed time period.

Experiment 2. Effects of Spinal Cord Stimulation on Glucagon-induced Delay in Gastric Emptying
----------------------------------------------------------------------------------------------

In order to validate if our optimized location and parameters could be used for treating gastroparesis, we investigated the effect of SCS on glucagon-induced delay in gastric emptying in the same 8 dogs in 3 randomized sessions (Control: no glucagon, no SCS; Glucagon: glucagon without SCS, and Glucagon + SCS: glucagon with SCS) on separate days at an interval of at least 3 days. Glucagon was shown to consistently induce a delay in the gastric emptying.[@b25-jnm-26-147]

In each session, the animal was fasted overnight and brought to the lab in the morning. Following a standard test meal (375 g of solid food, regular Lab Chow that is usually consumed within 15 minutes), glucagon (0.1 mg/kg) was administered intravenously.[@b25-jnm-26-147] Immediately after, the duodenal cannula was opened to collect emptied chyme every minute for the first 15 minutes and then every 15 minutes until 3 hours after the meal. The collected chyme was centrifuged and then air-dried for 1 week. Next, we weighed the dried chyme and calculated for gastric emptying using a previously established method.[@b6-jnm-26-147] SCS was performed during the entire 3-hour gastric emptying test.

Experiment 3: Effects of Spinal Cord Stimulation on Polypeptide and Norepinephrine
----------------------------------------------------------------------------------

This experiment was done in the 8 dogs in 2 randomized sessions. In each session, the animal was fasted overnight and brought to the lab in the morning. In the session without SCS, blood samples (10 mL) were drawn immediately before and 1 hour after a standard test meal (375 g of solid food, regular Lab Chow that is usually consumed within 15 minutes). In the other session with SCS, blood samples were taken at baseline in the fasting state, 30 minutes after SCS in the fasting state and 1 hour after the same test meal; SCS was performed during the entire 1-hour postprandial state.

### Assessment of autonomic functions

The autonomic function was assessed by the spectral analysis of HRV derived from the ECG, and the plasma levels of pancreatic polypeptide (PP; reflecting vagal activation) and norepinephrine (NE; reflecting sympathetic activation). To prove our hypothesis that SCS improves gastric motility by improving the autonomic functions; the ECG was recorded concurrently with the antral contractions in all study sessions. A one-channel ECG was made via 3 electrodes placed at the apical side of the heart, the inside of the right hind leg, and the offside of the heart apex. After removing the hair by a hair clipper, the dog's skin was cleaned by a special skin-prep cream (Nuprep; Weaver and Company, Aurora, CO, USA). Before placing ECG electrodes, a conductive gel (Ten20; Weaver and Company) was applied to reduce electrode-skin impedance. The recording was made using a special amplifier with a recording range of 1.5--100 Hz (model 2283 Fti Universal Fetrode Amplifier; UFI, Morro Bay, CA, USA).

#### Assessment of autonomic functions from heart rate variability

The HRV signal was derived from custom-made software by identifying R peaks and calculating consecutive RR intervals from the ECG. Then, the power spectrum of the HRV was calculated using a previously validated software.[@b14-jnm-26-147],[@b26-jnm-26-147],[@b27-jnm-26-147] The power in the low-frequency components (LF: 0.04--0.15 Hz) reflects mainly sympathetic activity, whereas the power in the high-frequency components (HF: 0.15--0.50 Hz) stands purely parasympathetic or vagal activity.[@b28-jnm-26-147]

#### Assessment of plasma pancreatic polypeptide and norepinephrine

Blood samples were obtained as stated in Experiment 3 and coagulation was prevented with 10% EDTA and centrifuged at 1200 × g at 4°C for 20 minutes, and plasma samples were stored at −70°C. Plasma PP (MBS2606185; MyBioSource, San Diego, CA, USA) and NE (IB89537; IBL America, Minneapolis, MN, USA) were measured by ELISA, according to the manufacturer's protocol.

Statistical Methods
-------------------

All data are expressed as mean ± SEM. One-way analysis of variance was used to compare the data among the different sessions. Least Significant Difference was used to assess the difference between 2 periods or 2 sessions. *P* \< 0.05 was considered statistically significant. Data were analyzed by statistical software SPSS 19.0 (IBM Corp, Somers, NY, USA).

Results
=======

Optimization of Spinal Cord Stimulation Methodologies
-----------------------------------------------------

In order to optimize the parameters of SCS for increasing gastric motility (gastric contraction), we employed MI, or the summation of antral contractions assessed by high-resolution manometry. Meanwhile, subsequently, we validated our optimized parameters by assessing the autonomic functions through the spectral analysis of the HRV.

### Optimized spinal cord stimulation location(s)

As shown in [Figure 1A and 1B](#f1-jnm-26-147){ref-type="fig"}, our implanted 2 multi-electrodes pedal spinal leads could cover vertebrae T7--T12 following the surgery. We used our prior rodent parameters (pulse width: 0.2 msec, frequency: 50 Hz, MT: 90.0%, time: 2 seconds on time/3 seconds off time) in the first step to find the best location(s) of SCS. Gastric MI was measured using high-resolution manometry by inserting a catheter in the gastric cannula ([Fig. 1C](#f1-jnm-26-147){ref-type="fig"}). Summation of antral contractions assessed by manometry revealed that SCS at the level of vertebra T10 (segmental T10--T11) was able to increase the gastric MI by 37.8% significantly compared to the corresponding baseline (10 465 ± 1102 vs 7589 ± 872, respectively; *P* = 0.013) ([Fig. 2](#f2-jnm-26-147){ref-type="fig"}). Interestingly, SCS at other locations of the spinal cord did not change the gastric MI.

### Optimized spinal cord stimulation parameters

Following finding the best location for SCS (vertebra T10), we optimized each of stimulation parameters systematically, including frequency, pulse width and amplitude ([Fig. 3](#f3-jnm-26-147){ref-type="fig"}). As shown in [Figure 3A](#f3-jnm-26-147){ref-type="fig"}, we discovered that only frequency at 20 Hz was able to significantly enhance the gastric MI by 61.5% compared to the corresponding baseline (11 092 ± 1011 vs 6865 ± 806, respectively; *P* = 0.021). It is noteworthy that other frequencies of 5, 10, 50, 100, and 500 Hz did not alter the MI significantly.

On the other hand, interestingly, pulse width with both 0.2 msec and 0.5 msec could increase the MI, remarkably. As shown in [Figure 3B](#f3-jnm-26-147){ref-type="fig"}, while SCS with 0.2 msec increased the gastric MI by 41.0% compared to the corresponding baseline (12774 ± 1896 vs 9041 ± 1134, *P* = 0.032), 0.5 msec enhanced it by 32.0% (10 546 ± 1429 vs 7936 ± 849, *P* = 0.043), respectively.

Optimizing the amplitude of SCS for increasing gastric motility indicated that a stimulation current of 90.0% of MT was needed to effectively increase the MI (10 694 ± 1565 with SCS at 90.0% MT vs 7185 ± 1120 at baseline, *P* = 0.041) ([Fig. 3C](#f3-jnm-26-147){ref-type="fig"}).

Concurrent Alterations in the Cardiac Autonomic Function
--------------------------------------------------------

To test our hypothesis that SCS-induced enhancement in gastric motility is attributed to its effects on the autonomic function, we harnessed the spectral analysis of HRV to examine how our optimized SCS could alter the autonomic functions. As shown in [Figure 4A](#f4-jnm-26-147){ref-type="fig"}, SCS (with prior parameters) at levels of T10 as well as T10--T11 was able to intensify the parasympathetic activity represented by the high frequency (HF) ([Fig. 4A](#f4-jnm-26-147){ref-type="fig"}). While SCS at T10 increased the HF by 6.8% (*P* = 0.039), stimulation at T10--T11 strengthened it by 6.6% (*P* = 0.048) compared to the baseline. Interestingly, SCS at other locations of the spinal cord did not change the autonomic functions. Subsequently, in order to test the other parameters, we performed SCS at T10 while at each session we changed only one parameter. As shown in [Figure 4B](#f4-jnm-26-147){ref-type="fig"}, spectral analysis of HRV revealed that frequency at 20 Hz could improve the parasympathetic activity during SCS compared to baseline (0.598 ± 0.043 vs 0.503 ± 0.049, respectively; *P* = 0.040). It is noteworthy that other frequencies of 5, 10, 50, 100, and 500 Hz did not alter the HF. On the other hand, spectral analysis of HRV delineated that parasympathetic activity was increased significantly only at 0.5 msec pulse width, compared to the baseline (0.583 ± 0.055 vs 0.502 ± 0.060, respectively; *P* = 0.040) ([Fig. 4C](#f4-jnm-26-147){ref-type="fig"}). Furthermore, as shown in [Figure 4D](#f4-jnm-26-147){ref-type="fig"}, the spectral analysis of HRV supported the MI results showing that amplitude of 90.0% MT could enhance parasympathetic activity (HF) by 19.8% compared with the baseline (0.601 ± 0.029 vs 0.502 ± 0.022, respectively; *P* = 0.033).

Improvement of Glucagon-induced Gastroparesis With Spinal Cord Stimulation
--------------------------------------------------------------------------

Glucagon has been shown to induce a delay in gastric emptying and lead to temporary gastroparesis. Therefore, in our study, we injected glucagon to the normal dogs prior to the solid gastric emptying test and treated them with/without optimized SCS in separate sessions. As shown in [Figure 5A](#f5-jnm-26-147){ref-type="fig"}, glucagon-induced a significant delay in gastric emptying 30 minutes after injection/food intake and the effect maintained until the end of the study (180 minutes). Interestingly, our optimized SCS ameliorates the effects of glucagon 90 minutes after injection and improved glucagon-induced delay in gastric emptying for the rest of the study session. The area under the curve (AUC) of the gastric emptying test also showed a significant delay after glucagon injection compared with the control ([Fig. 5B](#f5-jnm-26-147){ref-type="fig"}). While glucagon reduced the AUC of gastric emptying by 42.7% compared with the control (75.09 ± 18.54 vs 131.17 ± 23.98, *P* = 0.002), SCS was able to reverse the glucagon effects and increase the AUC of gastric emptying by 51.6% (113.85 ± 1977.00 vs 75.09 ± 18.54, *P* = 0.005).

Modulation of the Systemic Autonomic Function by Optimized Spinal Cord Stimulation
----------------------------------------------------------------------------------

The spectral analysis of HRV reflects the cardiac vagal efferent activity. To understand the systemic effects of SCS on the autonomic function, we also measured NE (reflecting systemic sympathetic activity) and pancreatic PP (reflecting systemic activation of vagal activity) in the bloodstream following optimized SCS in both fasting and fed states ([Fig. 6A and 6B](#f6-jnm-26-147){ref-type="fig"}).

### Pancreatic polypeptide

As shown in [Figure 6B](#f6-jnm-26-147){ref-type="fig"}, in session with no SCS, PP was increased to almost 3-fold than the fasting state 1 hour after food intake (1.07 ± 0.34 ng/mL vs 0.39 ± 0.16 ng/mL, respectively; *P* \< 0.001). However, in another session, we showed that our optimized SCS for 30 minutes could elevate PP release in the fasting state by more than 70.0% in comparison with the corresponding fasting baseline prior to SCS (0.77 ± 0.14 vs 0.45 ± 0.16, *P* = 0.007). In spite of this, although PP release in the fed state of SCS session was significantly higher than the corresponding fasting state with and without stimulation, 1 hour SCS was not able to increase PP in the fed state compared to the fed state without SCS (1.07 ± 0.34 ng/mL vs 1.25 ± 0.32 ng/mL, *P* = 0.090), suggesting that under the normal postprandial state, the release of PP reached an almost maximal level without SCS.

### Norepinephrine

[Figure 6C](#f6-jnm-26-147){ref-type="fig"} shows the NE release in bloodstream tested in 2 different sessions with and without SCS. In contrast to PP in session with no SCS, NE was not altered markedly compared with the fasting state 1 hour after meal consumption (0.42 ± 0.03 ng/mL vs 0.43 ± 0.04 ng/mL, respectively; P \> 0.05). Nevertheless, in the SCS session, our optimized SCS could significantly reduce the NE release both in the fasting (0.41 ± 0.04 vs 0.38 ± 0.03, respectively; *P* = 0.041) and in the fed state (0.41 ± 0.04 vs 0.39 ± 0.02, respectively; *P* = 0.042).

Discussion
==========

In this study, we discovered that SCS was able to increase gastric motility when it was applied on T10. We also learned that SCS at the same location and with our optimized parameters could intensify parasympathetic activity and mitigate sympathovagal balance in healthy dogs. As expected, our optimized SCS accelerated glucagon-induced delay in gastric emptying of solids. SCS may have therapeutic potential for treating gastric motility disorders such as gastroparesis.

While gastroparesis is a common symptom in patients with diabetes, neurological disorders or connective tissue diseases (apart from its idiopathic etiology),[@b4-jnm-26-147] there are few treatment options available either with no satisfactory outcomes or with serious side effects. Currently, medical treatment entails the use of prokinetic and anti-emetic therapies. Prokinetics such as cholinergic agonists (neostigmine and pyridostigmine), dopamine antagonists (metoclopramide and domperidone \[not available in the United States\]), serotonergic agonists (cisapride and tegaserod) and macrolides (erythromycin) have been used to improve gastric motility.[@b13-jnm-26-147],[@b29-jnm-26-147] However, prokinetics of nonselective serotonin type 4 receptor agonists such as cisapride and tegaserod have cardiovascular adverse effects and hence they were dropped from the market.[@b30-jnm-26-147] Domperidone has been associated with QT prolongation and ventricular tachycardia and is available in the United States only through an Food and Drug Administration (FDA) investigational drug application.[@b31-jnm-26-147],[@b32-jnm-26-147] Erythromycin has been shown to improve gastric motility but exert little effects on symptoms.[@b33-jnm-26-147] Antiemetic therapies such as metoclopramide, a D2-receptor antagonist, is the only FDA-approved medication for the treatment of nausea and vomiting in gastroparesis.[@b32-jnm-26-147] Although a variety of other medications (scopolamine, aprepitant, and tricyclic antidepressants) are available for treating nausea and vomiting in other diseases, the data available behind their use for gastroparesis is very limited. To date, metoclopramide is the only available medication serves as both prokinetic and antiemetic, however it is not potent in accelerating gastric emptying and usage in a long run (\> 12 weeks) has a severe side effect such as the risk of tardive dyskinesia.[@b13-jnm-26-147],[@b29-jnm-26-147] Alternatively, surgical treatments, such as jejunostomy tube feeding, may be used if intestinal motility is normal; however, they do not solve the main problem. GES or Enterra Therapy on the other hand for treating nausea and vomiting in gastroparesis[@b7-jnm-26-147] has not been very promising on overall symptoms of gastroparesis or gastric emptying.[@b8-jnm-26-147]--[@b10-jnm-26-147]

All the above-mentioned treatment approaches due to their natures can address only a fraction of overall symptoms/problems and somehow exacerbate the other symptoms. As we know, regulation of gastric motility needs intrinsic contractions/relaxations of GI muscles under the influence of extrinsic afferents/efferents of the autonomic nervous system. In fact, gastric motility is known to be enhanced by increasing vagal activity and to be diminished by increasing sympathetic activity and thus maintained by balancing the vagal and sympathetic activities.[@b17-jnm-26-147] Autonomic imbalance (reduced vagal activity and/or increased sympathetic activity) has been reported in 2 major populations of gastroparesis: patients with functional dyspepsia and patients with diabetes.[@b34-jnm-26-147],[@b35-jnm-26-147] In addition, gastric accommodation is also regulated by the autonomic function: enhancement of vagal activity or suppression of sympathetic activity increases accommodation.[@b35-jnm-26-147]--[@b37-jnm-26-147] In this study, we have demonstrated that the optimized SCS inhibited sympathetic activity and enhanced vagal activity. These effects were believed to result in improved gastric motility. In the optimization experiment, we have found that the parameters/locations that were most effective in enhancing gastric motility were also most effective in improving vagal activity assessed by the spectral analysis of HRV, suggesting a strong autonomic mechanism. Low frequency (LF)-HRV was initially assumed to be only sympathetic outflow representing sympathetic tone; however, this view is not without controversial opinions as some authors suggest that LF-HRV (0.04--0.15 Hz) primarily reflects parasympathetic influence,[@b38-jnm-26-147] and it is potentially affected by other cardiac mechanisms such as baroreflex sensitivity.[@b39-jnm-26-147] Contrarily, HF-HRV (0.15--5.00 Hz) has been shown to reflect only vagal tone[@b40-jnm-26-147] and can be taken as an index of cardiac parasympathetic activity.[@b38-jnm-26-147],[@b41-jnm-26-147] Thus, in this study we utilized HF-HRV as a representative of vagal (parasympathetic) activity. In addition to the HRV spectra analysis, we also assessed the plasma levels of PP and NE. The optimized SCS suppressed both fasting and postprandial NE and increased fasting PP; however, it showed no effects on postprandial PP, probably attributed to the fact that the meal-induced release of PP reached its maximal value without SCS.

To our best knowledge, this was the first study to optimize stimulation location and parameters of SCS systematically to improve gastric motility. To be able to observe the effect of SCS on gastric motility, we employed a high-resolution solid-state manometry device to measure gastric motility (gastric contraction). SCS has been widely applied for the treatment of pain.[@b19-jnm-26-147],[@b42-jnm-26-147]--[@b47-jnm-26-147] The main clinical applications of SCS consist of chronic regional pain syndromes, vascular pain, radicular pain,[@b48-jnm-26-147] urological diseases, and abdominal visceral pain.[@b44-jnm-26-147],[@b49-jnm-26-147] However, there are few studies reporting potential applications of SCS for the treatment of gastrointestinal motility disorders.[@b44-jnm-26-147],[@b50-jnm-26-147] In our previous rodent study, SCS was found to diminish sympathetic activity and accelerate gastric emptying in diabetic rats.[@b17-jnm-26-147] Meanwhile, in another similar study, SCS showed prokinetic effect in a rodent model of postoperative ileus.[@b51-jnm-26-147] In the current study, the optimization of SCS was carried out in a large animal to provide translational advantages. Based on our previous rodent study we showed that SCS at T9--T10 with 0.2ms (pulse width), 50Hz (frequency), 90% (MT), at 2s on/3s off was able to enhance gastric motility and decrease sympathetic activity.[@b17-jnm-26-147] Yet in this canine study, firstly we needed to find the spinal cord location(s) where stimulation was able to increase gastric motility efficiently. Using the rodent SCS parameters, we found an immediate increase in gastric contraction when SCS was applied at T10 (segmental T10--T11). In contrast, in another study with induced post-operative intestinal obstruction in rats, electrical stimulation of the spinal cord at the T5--T8 level was shown to accelerate gastric emptying.[@b51-jnm-26-147] This difference could be due to the species variations as well as the type of stimulation. Meanwhile, they did not stimulate the segments lower than T8, so there are no comparable data available.

As we know, the sympathetic nerve fibers to the stomach come from the thoracic and abdominal sympathetic trunk. The greater splanchnic nerve detaches from the sympathetic trunk between the T8 and the L1 ganglia and enters the abdominal cavity to reach the celiac ganglia to innervate the stomach and other organs in the abdomen.[@b52-jnm-26-147] Instead, parasympathetic nerve fibers are innervating stomach via the vagus nerve. Interestingly, our finding demonstrated that SCS at T10 as well as T10--T11 is more efficiently decreasing sympathetic activity and increasing the vagal nerve activity ([Fig. 4A](#f4-jnm-26-147){ref-type="fig"}). Although the mechanism of action of SCS in suppressing the sympathetic activity is not very clear (could be attributed to a suppressed greater splanchnic nerve activity), increasing the vagal activity might be due to the activation of motor nuclei of the vagus nerve in the brain stem. Indeed, some reports have confirmed the activation of supraspinal centers in reducing pain by SCS.[@b53-jnm-26-147],[@b54-jnm-26-147] Alongside with another rodent study, we also found that stimulation of the sacral nerve (S2) could hyperactivate the nucleus tractus solitarius (NTS) in the brain stem and augment the vagal nerve activity measured by spectral analysis of HRV.[@b55-jnm-26-147]

In previous studies, we have shown that electrical stimulation is a parameter-dependent treatment.[@b6-jnm-26-147],[@b14-jnm-26-147],[@b17-jnm-26-147],[@b34-jnm-26-147],[@b56-jnm-26-147] Therefore, we needed to optimize SCS with parameters including pulse frequency, pulse width, and the pulse amplitude. SCS in the treatment of pain has been performed from LF (40--60 Hz) to HF (1--10 kHz).[@b42-jnm-26-147],[@b57-jnm-26-147] It was previously believed that using HF (kHz) in SCS for managing pain is more effective based on the gate control theory,[@b58-jnm-26-147] however other studies displayed that lower frequencies (below 5 Hz) also may produce pain alleviation in humans[@b59-jnm-26-147] which can be hardly explained by the gate control theory. Regardless, HF (kHz) stimulation has recently been shown and proposed to be more effective than low-frequency stimulation.[@b42-jnm-26-147] Nonetheless, unlike SCS for neuropathic pain, HF (kHz) stimulation showed little effects on gastric distention-induced pain. Since we had also shown that LF (50 Hz) could accelerate gastric emptying in rats, we tried frequencies between 5 Hz to 500 Hz in the current study. Our optimization study showed that only frequency at 20 Hz (but not other frequencies) was able to significantly enhance the gastric MI. Furthermore, the spectral analysis of HRV also revealed that SCS at 20 Hz at T10 could successfully reduce the sympathetic activity, as well.

In pain management, SCS is typically delivered continuously.[@b60-jnm-26-147] Wolter and Winkelmuller[@b61-jnm-26-147] reported that both intermittent and continuous SCS had equal effectiveness. De Ridder et al[@b62-jnm-26-147] showed that burst stimulation suppressed neuropathic pain more effectively without the mandatory paresthesia. In this study, we employed the burst stimulation with 2 seconds on time and 3 seconds off time as per our previous rodent study that showed the most effective outcome in gastric emptying.[@b17-jnm-26-147]

SCS with a pulse width of 1 ms or higher had no effects on the electromyography responses following visceral hypersensitivity in hypersensitive rats, as Yearwood et al[@b63-jnm-26-147] have also shown that 0.4 msec is the effective pulse width for reducing pain in their clinical study. Exploring the best pulse width in this study showed that both 0.2 msec and 0.5 msec could increase the MI, remarkably. However, since SCS with only 0.5 msec at T10 was able to increase the parasympathetic activity, we selected 0.5 msec as our optimal pulse width. Optimizing the amplitude of SCS for increasing gastric motility indicated that 90% of MT were more effective in increasing the MI as well as enhancing parasympathetic activity. Therefore, based on these findings (MI as well as autonomic functions by spectral analysis of HRV), we selected the best parameters (pulse width: 0.5 msec, frequency: 20 Hz, and MT: 90%) for increasing the gastric contraction and parasympathetic activity.

Further, we demonstrated an ameliorating effect of the optimized SCS for glucagon-induced gastroparesis. As stated earlier, although a number of prokinetics, such as metoclopramide, domperidone, erythromycin, azithromycin, cisapride, and tegaserod, have been developed or applied for treating gastric dysmotility, they were not available in the USA or not practically used in clinical settings due to their severe side-effects.[@b11-jnm-26-147],[@b32-jnm-26-147],[@b64-jnm-26-147]--[@b66-jnm-26-147] Due to its autonomic mechanisms, the proposed SCS may also exert ameliorating effects on other pathophysiologies of gastroparesis, such as impaired gastric accommodation and visceral pain. Gastric accommodation is known to be mediated via the vagal and nitrinergic mechanisms and the SCS-induced enhancement in vagal activity may, therefore, improve gastric accommodation, which deserves further investigation. SCS is an established therapy for pain[@b43-jnm-26-147],[@b64-jnm-26-147] and has also been reported to attenuate pain in rodent models of visceral hypersensitivity and patients with visceral pain.[@b44-jnm-26-147],[@b47-jnm-26-147]

The findings of this study suggest a therapeutic potential of the optimized SCS for gastroparesis. The procedure for the placement of spinal lead and IPG is minimally invasive and can be performed with no hospitalization. In addition to its prokinetic effects as shown in this study, the optimized SCS is also projected to improve impaired accommodation and visceral pain. This would make the optimized SCS an attractive therapy for gastroparesis. Further clinical studies with chronic SCS are warranted. One limitation of this present study was the lack of chronic SCS data due to unavailability of a canine model of chronic gastroparesis.

In conclusion, optimized SCS increases gastric motility and accelerates gastric emptying of solids probably by inhibiting sympathetic activity and improving vagal activity. SCS with optimized stimulation parameters and locations may have therapeutic potential for gastric dysmotility, such as gastroparesis.
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![Schematic figures of the location of the leads on the spinal cord and cannulae in the stomach and intestine in dogs after surgery. (A, B) Schematic figures of the exposed spinal cord to depict the location of leads alongside the spinal vertebrae (A: T7--T12) to cover the spinal cord segments (B: T8--T12). (C) Shows the locations of cannulae in both stomach and duodenum for inserting the catheter in the stomach to measure the motility index (MI) using high-resolution manometry as well as performing gastric emptying test through the duodenal cannula. SCS, spinal cord stimulation.](jnm-26-147f1){#f1-jnm-26-147}

![Finding the best location of spinal cord stimulation (SCS) by measuring the motility index using high-resolution manometry. Motility index was used to optimize the best location of SCS using prior parameters to enhance gastric contraction. Data are presented in mean and SEM (\**P* \< 0.05 vs baseline, n = 8).](jnm-26-147f2){#f2-jnm-26-147}

![Optimization of the parameters of spinal cord stimulation (SCS) by measuring the gastric contraction using high-resolution manometry. Motility index from high-resolution manometry was employed to optimize the SCS. SCS was performed on vertebra T10 to optimize the parameters for the best frequency (A: 5--500 Hz), pulse width (B: 0.05--0.6 msec) and amplitude (C: 30--90%) in dogs. Data are presented in mean and SEM (\**P* \< 0.05 vs baseline, n = 8).](jnm-26-147f3){#f3-jnm-26-147}

![Validating the best location as well as our optimized parameters of spinal cord stimulation (SCS) by measuring the autonomic functions via employing the spectral analysis of heart rate variability (HRV). High frequency (HF) shown to represent the parasympathetic activity in HRV. (A) Using prior parameters, T10 and T10--T11 showed more increase in parasympathetic activity based on HRV analysis. Subsequently, SCS was performed on T10 to confirm the parameters for the best frequency (B: 5--500 Hz), pulse width (C: 0.05--0.60 msec) and amplitude (D: 30--90%) in dogs. Data are presented in mean and SE (\**P* \< 0.05 vs baseline, n = 8).](jnm-26-147f4){#f4-jnm-26-147}

![Effects of spinal cord stimulation (SCS) on solid gastric emptying in glucagon-induced temporarily gastroparesis model in healthy dogs. (A) Glucagon induced a substantial delay in gastric emptying after 30 minutes, while our optimized SCS location (T10) and parameters (pulse width: 0.5 msec, frequency: 20 Hz, amplitude: 90.0% and 2 seconds on time/3 seconds off time) reversed the glucagon effects after 90 minutes. (B) The area under the curve (AUC) of the gastric emptying test in different groups. Data are presented in mean and SEM (\**P* \< 0.05 vs control session; ^†^*P* \< 0.05 vs glucagon session, n = 8).](jnm-26-147f5){#f5-jnm-26-147}

![Measuring the autonomic functions using parasympathetic (polypeptide \[PP\]) and sympathetic (norepinephrine \[NE\]) hormones in the bloodstream following SCS on T10 with our optimized parameters (pulse width: 0.5 msec, frequency: 20 Hz, and amplitude: 90.0% and 2 seconds on time/3 seconds off time). (A) Blood draw was performed in 2 distinct sessions as illustrated above. (B, C) shows the PP and NE release in separate sessions before and after SCS, respectively. Data presented in mean and SE (\**P* \< 0.05 vs fasting state in SCS session, n = 8). Fast, fasting state.](jnm-26-147f6){#f6-jnm-26-147}
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